The hepatitis C virus (HCV) RNA genome contains multiple structurally conserved domains that make long-distance RNA-RNA contacts important in the establishment of viral infection. Microarray antisense oligonucelotide assays, improved dimethyl sulfate probing methods and 2 0 acylation chemistry (selective 2'-hydroxyl acylation and primer extension, SHAPE) showed the folding of the genomic RNA 3 0 end to be regulated by the internal ribosome entry site (IRES) element via direct RNA-RNA interactions. The essential cis-acting replicating element (CRE) and the 3 0 X-tail region adopted different 3D conformations in the presence and absence of the genomic RNA 5 0 terminus. Further, the structural transition in the 3 0 X-tail from the replication-competent conformer (consisting of three stem-loops) to the dimerizable form (with two stem-loops), was found to depend on the presence of both the IRES and the CRE elements. Complex interplay between the IRES, the CRE and the 3 0 X-tail region would therefore appear to occur. The preservation of this RNA-RNA interacting network, and the maintenance of the proper balance between different contacts, may play a crucial role in the switch between different steps of the HCV cycle.
INTRODUCTION
The hepatitis C virus (HCV) genome is an $9.6-kb-long, positive, single-stranded RNA molecule that codes for a single open reading flanked by untranslatable regions (UTRs) (1, 2) . The viral genome plays important roles in temporally and spatially regulated viral processes. In early infection, HCV protein synthesis is initiated by an internal ribosome entry site (IRES)-dependent mechanism (3, 4) different to the cap-dependent method used for the translation of most cellular mRNAs. The IRES element is mostly located at the 5 0 UTR and spans a short stretch of the core coding sequence (5,6) ( Figure 1A ). The minimal IRES contains a subset of regulatory elements organized into two major structural domains (7) (II and III), plus a short stem-loop (domain IV) bearing the initiation codon (8) . These structural elements guide the direct recruitment of the 40S ribosomal subunit (9-12) and the further binding of eIF3 (13, 14) , which aids the incorporation of the ternary complex eIF2-tRNA i
Met and the joining of the 60S subunit (15). This mechanism minimizes protein factor requirements and simplifies the pathway for the assembly of the translationally active 80S ribosome. Further, the presence of domains at the 3 0 end of the genomic RNA influences translation efficiency, most likely by the acquisition of a closed-loop topology resembling the circular structure adopted by cellular mRNAs (16-21). This conformation would help the 3 0 UTR for retaining 40S ribosomal subunits during the translation termination step, thus ensuring efficient initiation of the next translation round (22) .
Once viral proteins levels have reached a certain threshold, the genomic RNA serves as a template for replication. This replication is initiated at the 3 0 UTR but is also dependent on the 5 0 end of the HCV RNA (23,24). The 3 0 UTR ( Figure 1A ) is organized into three conformational modules that define (i) a hypervariable region (HV), (ii) a polyU/UC stretch of variable length and composition and (iii) the essential 3 0 X-tail (24-29). The 3 0 X-tail theoretically folds into one of two mutually exclusive conformations (30) (Figure 1A ). Both predicted structures preserve the 3 0 SLI domain at the end of the 3 0 terminus, which influences replication efficiency (31) and confers specificity upon the initiation site (32) . The 55-nt-long segment upstream of the 3 0 SLI folds either as two stemloops, named 3 0 SLII and 3 0 SLIII (26), or as a single stem-loop exposing a 16-nt-long palindromic sequence (the dimer linkage sequence [DLS] ) (30) (Figure 1A ). It has been proposed that these different conformers assume different functions during the HCV cycle (33, 34) , but the nature of the stimulus that promotes the acquisition of one isoform or the other remains unknown. During replication, the increase in the genome copy number unleashes the formation of homodimers by the interaction of two viral RNA molecules through the DLS motif, most likely in the presence of the core chaperone protein (30, 33, 35) . Thus, packaged viral RNA molecules are finally enveloped and removed to the extracellular environment.
The proper balance between these processes must be maintained if viral adaptive fitness and persistence are to be achieved. The transitions between them must be also finely regulated, avoiding the potential steric hindrance of the translation and replication machineries. To achieve this, the virus establishes a dynamic complex network of contacts between the available functional genomic RNA domains, which may change depending on viral needs at different steps over the course of infection. In addition to the well-known protein-mediated 5 0 UTR-3 0 UTR bridges (17-19,36-38), other cis-acting elements participate in this interacting web to provide benefits such as the formation of direct RNA-RNA contacts that minimize protein requisites. Phylogenetically conserved RNA secondary structured domains have been reported within the 3 0 end of the HCV coding sequence (39) . Among them, the stemloop 5BSL3.2 has been identified embedded in a cruciform structure that acts as a cis-essential element during viral RNA synthesis (the cis-acting replicating element [CRE]) (40, 41) (Figure 1A) . By the establishment of direct RNA-RNA interactions, the stem-loop 5BSL3.2 participates in viral translation and replication. Thus, the apical loop is complementary to the apical loop of the 3 0 SLII within the 3 0 X-tail (34, (42) (43) (44) , while the 8-nt bulge (see Figure 1A ) establishes one of two possible contacts: one with the apical loop of the IIId subdomain of the IRES region (44, 45) , the other with the apical loop of the stem-loop SL9110 upstream of the CRE element (34, 43, 44, 46) ( Figure 1A ). It has recently been reported that all these interactions are equally probable and show similar dissociation constants (K d ) (34, 44) . Choosing between different contacts may therefore depend on the presence of host or viral factors, which would help to bring the ends of the HCV genome into close proximity. The acquisition of a circular topology is advantageous with respect to the execution of different viral processes and switching between them.
The discovery of a network of long-range direct RNA-RNA interactions has prompted the study of the structural changes that take place in the involved regions. Analysis of the complexes SL9110-5BSL3.2-3 0 SLII and IRES-CRE by several techniques in replication-competent RNA transcripts (43, 47) has recently provided solid evidences for the existence of these interactions, and demonstrated that such contacts promote conformational tuning events in functionally essential RNA elements. However, little is known about the role that the interaction IRES-CRE plays in the folding of the 3 0 X-tail. Because the CRE is a critical partner in the structural organization of the 3 0 X-tail, the interplay with the IRES element likely leads to conformational rearrangements in the genomic RNA 3 0 terminus. The present work shows that the IRES and the CRE elements induce by themselves fine structural reorganizations within the 3 0 X-tail. Further, the combined presence of both regions exerts a potent effect on the architecture of the essential domains 3 0 SLII and 3 0 SLIII, which switch to a single stem-loop conformation that exposes the DLS motif in an apical loop. This suggests that the IRES-CRE interaction may modulate 3 0 end folding in the absence of protein factors. The results agree with the previous findings that the 3 0 end of the HCV RNA genome, which contains both the CRE and the 3 0 UTR elements, fine-tunes the 3D structure of the IRES region (47) . As a consequence, the 3 0 X-tail suffers conformational rearrangements that might be related to the switch between viral replication and genomic dimerization.
MATERIALS AND METHODS

DNA templates and RNA synthesis
DNA molecules coding for FCU and ICU transcripts ( Figure 1B ) used in microarray assays were obtained as previously described (21). Briefly, for the FCU molecule, T7pFCU and T7pICU were amplified from the plasmid pGL-ICU (21) using the primers 5 0 T7pFLuc and 3 0 HCV, while 5 0 T7pHCV and 3 0 HCV were used for the ICU construct (see Supplementary Table S1 ). The resulting RNA molecules therefore had the correct 3 0 ends. To monitor dimethyl sulfate (DMS) and N-methylisatoic anhydride (NMIA) reactivity at the 3 0 end of the constructed transcripts U, CU, I+U and I+CU ( Figure 1B ), a 45-nt cassette was attached to their 3 0 termini. This cassette has been previously described to fold autonomously into two short stable hairpins (48) that do not interfere with the predicted folding of the HCV 3 0 UTR (data not shown). It also contains a primer binding site for efficient cDNA synthesis. Briefly, molecules T7pU and T7pCU carrying this cassette at their 3 0 termini were obtained from the plasmid pGL-ICU (21): amplification with the oligonucleotides T7pHCV-9380 and 3
0 HCV_cassette generated the template construct T7pU. Primers 5 0 T7pHCV-9181 and the 3 0 HCV_cassette were used for the amplification of the variant T7pCU (Supplementary Table S1 ). DNA molecules coding for constructs I+U and I+CU encompassing the cassette were generated by amplification from their respective vectors pGLI+U and pGLI+CU, previously obtained by site-directed mutagenesis (47) . Subsequent amplification with the primer set T7p5 0 HCV and the 3 0 HCV_cassette (Supplementary Table S1 ) yielded DNA templates T7pI+U and T7pI+CU, from which the respective RNA variants (I+U and I+CU) were synthesized by in vitro transcription (see below).
RNA synthesis was performed using the RiboMAX TM -T7 large-scale RNA production system (Promega), following the manufacturer's instructions. Transcripts were purified as previously described (47) . RNA yield was determined by ultraviolet spectrophotometry (A 260 ) and the extent of protein and carbohydrate contaminations assessed by the A 260 /A 280 and A 260 /A 230 ratios, respectively. The integrity of the RNA molecules was examined by denaturing agarose-formaldehyde gel electrophoresis.
Microarray design, RNA hybridization and data analysis
Forty six antisense DNA oligonucleotides complementary to CRE and the 3 0 UTR of HCV (genotype 1b) were designed to specifically hybridize with sequences of 14 consecutive nucleotides of the viral genome, overlapping by seven nucleobases with the adjacent oligos. Each high pressure (or high performance) liquid chromatography-purified oligonucleotide (IBA GmbH) was composed of a C6-amino linker motif at its 5 0 end, followed by either (TCC) 5 , (TTC) 5 , TTTTTTTTTTTTCC C or CCCCTTCCCCTTCCC tracks (designed to avoid self-annealing within the oligo) as spacer regions, and the specific antisense sequence at the 3 0 end of the oligo (Supplementary Table S2 ). The names of these oligonucleotides correspond to the nucleotide on the HCV sequence complementary to the 3 0 end of the oligo. One oligonucleotide with unrelated sequence (belonging to the 5 0 genomic region of the foot-and-mouth disease virus) was included as negative hybridization control. The 47 oligonucleotides were diluted, spotted onto super-epoxy surfaces and fixed as described (47, 49) . The microarrays were hybridized with 300 ng of fluorescently labeled RNA transcripts (47) under non-denaturing conditions (using the same buffer selected for selective 2'-hydroxyl acylation and primer extension (SHAPE) analysis: 100 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM MgCl 2 ) for 2 h at 37 C. Washed and dried slides were immediately scanned using a Genepix 4100 scanner. Data were retrieved using Genepix Pro 6.0 software.
The hybridization of each RNA transcript to the microarrays was measured in three independent experiments. In all cases, the raw fluorescence signal was corrected by subtraction of the local background. To compare the signal detected in the three independent hybridization assays, the mean fluorescence signal yielded by the 20 mM spots was normalized against the mean fluorescence of either the spots corresponding to the CRE region (spanning nucleotides 9190-9372), or those corresponding to the 3 0 UTR region (oligonucleotides 9379-9592), after excluding outliers (oligonucleotides 9190 and 9383) (Supplementary Table S2 ). The interquartile range of the hybridization values was calculated to identify outliers. The outlier with the lowest value was established as the upper limit of the accessibility range. Quartile 3 defined the lower limit of the accessibility range.
DMS probing
DMS chemical probing was performed essentially as previously described (47) . Briefly, 1 mg of purified HCV RNA was denatured for 3 min at 95 C before transferring to ice for 15 min. The RNA was then incubated for 5 min at 37 C in folding buffer (50 mM HEPES, pH 8.0, 100 mM NaCl, 1 mM MgCl 2 ). Reactions were initiated by the addition of 1 ml of freshly diluted DMS in ethanol (1:5). Chemical probing proceeded for 1 min at 37 C in the presence of tRNA (2 mg) and was stopped by the addition of 300 mM sodium acetate, pH 5.2. Control DMS reactions were performed in parallel. The RNA was ethanol-precipitated, washed twice with 80% ethanol and subjected to primer extension for the detection of the modified A and C residues, as previously described (47) . Primer Std (see Supplementary Table S1 ), which anneals within the structure cassette placed at the 3 0 end of transcripts under study, was fluorescently labeled with NED (to detect untreated probes), VIC (for mapping positive reactions), FAM and PET (for sequencing reactions). A fraction of the resulting cDNA samples were purified and resolved as previously reported (47) . Electropherograms were analyzed using ShapeFinder software (50) . Normalized DMS reactivity values for each nucleotide position were obtained by dividing each value by the average intensity of the 10% most reactive residues, after excluding outliers calculated by box plot analysis (51) .
SHAPE analysis
SHAPE analyses were performed by treatment with NMIA as previously reported (47) . Briefly, 1 mg of RNA was denatured as described above under the same ionic conditions. 2 0 -adduct formation was achieved by the addition of 6 mM NMIA in dimethyl-sulfoxide for 5 min at 37
C. Reactions were stopped by ethanol precipitation. The RNA was subsequently washed twice with 80% ethanol and subjected to primer extension as described above. Normalized NMIA reactivity values for each nucleotide position were calculated as indicated for DMS probing.
Secondary structure prediction
RNA secondary structure models were generated using ShapeKnots software (52) , including the structural constraints derived from NMIA relative reactivity data.
Statistical analysis
All accessibility and reactivity data are presented as means ± standard deviation. Data points were compared using the unpaired two-tailed Mann-Whitney test (53) . Significance was set at P 0.05. P values for reactive positions are included in the corresponding Supplementary Tables.
RESULTS
Comparative structural analysis showed the HCV IRES region to influence the conformation of the genomic RNA 3 0 end
The finding that the 3 0 end of the HCV genome fine-tunes the folding of the IRES element (47) points to the existence of long-range RNA-RNA interactions between both termini of the viral genome. It therefore seemed likely that the conformation of the 3 0 end relies on the presence of the IRES element. To test this hypothesis, the accessibility pattern of the genomic 3 0 end was subjected to microarray antisense oligonucleotide analyses in the presence and absence of the IRES. This methodology has been successfully used in conformational studies of HCV RNA (47, 49) , foot-and-mouth disease virus genome (54, 55) and human immunodeficiency virus RNA (56) . Also, it has provided evidence suggesting the specific structural tuning of the HCV IRES to be mediated by the 3 0 region of the viral genome (47) .
Microarray assays were performed with the previously described FCU construct (21), encompassing the fluc gene fused to the CRE region plus the 3 0 UTR ( Figure 1B ). The use of PCR-generated DNA templates ensured the presence of the precise 3 0 ends. RNA transcripts were fluorescently labeled, renatured and hybridized under native conditions to a customized panel of 46 overlapping 14-mer antisense DNA oligonucleotides complementary to the whole 3 0 end of the HCV RNA, as previously described (47, 49, 55) . The fluorescence signal (mean ± SD for three independent assays) was determined for each oligonucleotide ( Figure 2A ). The resulting hybridization profile for the FCU molecule fitted perfectly with the previously mapped secondary structure: in general, little fluorescence was recorded in the helical regions while strong hybridization signals were recorded for the loops and their surrounding areas ( Figure 2A ). This map points to the existence of a preferred and stable secondary structure under the present assay conditions. Further tailoring of the IRES element to the 5 0 end of the FCU construct (ICU molecule; Figure 1B ) (21) promoted evident and significant alterations (P 0.05; see Supplementary Table S3 for a detailed list of P values associated with each oligonucleotide) in the accessibility profile throughout domain 5BSL3.2 ( Figure 2B and C), with reductions in the fluorescence signal for the oligo 9267, mapping to the 5 0 portion of the stem, and a concomitant increase in the hybridization capacity of the 3 0 fragment of the stem and the internal loop (oligonucleotides 9288 and 9295, respectively). Additional significant increases (P 0.05) in relative fluorescence values were observed for those oligos covering domains 3 0 SLII and 3 0 SLI ( Figure 2B and C), suggesting that the interplay 5BSL3.2-3 0 SLII may be affected by the presence of the 5 0 end of the HCV genome. Together, these data support the idea that conformational reorganization events involving IRES-mediated RNA-RNA interactions occur throughout the whole 3 0 end of the viral genome, being domains 5BSL3.2 and 3 0 SLII specially affected by this interplay ( Figure 2C ).
To further map the specific residues affected by these rearrangements, both DMS chemical probing assays and SHAPE analyses with NMIA were performed. DMS reacts with susceptible groups of the nucleobases in unpaired A, C and G nucleotides to generate alkyl derivatives, while NMIA is an acylating agent that promotes the formation of 2 0 -O-adducts in flexible residues independent of their solvent accessibility (48, 57) . The subsequent use of both techniques provides data on the RNA secondary structure and the shape of its ribose-phosphate backbone, and thus offers complementary information on the 3D folding of target RNA molecules (47) . The reaction conditions were set to minimize alternative suboptimal foldings and to reduce potential structural noise (see 'Materials and Methods' section). These reductions were considered of potential help in detecting local structural tuning processes probably missed in earlier studies. Reactive residues were detected by a high-throughput strategy involving primer extension with a set of fluorescent primers (see 'Materials and Methods' section). The reverse transcription elongation products were resolved by capillary electrophoresis and analyzed using ShapeFinder software (51) .
Constructs CU and I+CU ( Figure 1B ) were subjected to structural mapping (45, 47) . These constructs, respectively, encompass the CRE region plus the 3 0 UTR, and both the latter plus the first 691 nt of the HCV genome (including the IRES element) at the 5 0 end. These shortened transcripts are of better RNA quality with respect to ICU and FCU: they minimize 3 0 heterogeneity but preserve the conformational fine-tuning effect that the HCV RNA 3 0 end has on the IRES (47) . Such RNA molecules were subjected to DMS and NMIA analysis and the reactivity pattern analyzed in four independent experiments to yield the mean relative reactivity values for each nucleotide, as previously described (47) .
The DMS reactivity profile for the CU construct largely corresponded with the secondary structure data previously reported for the 3 0 end of the HCV genome, with the most reactive residues in the apical and internal loops (26,41,42) ( Figure 3A and Supplementary Figure S1 ). Similar analysis for the I+CU molecule allowed the potential conformational rearrangements within the 3 0 end mediated by the 5 0 terminus to be examined ( Figure 3 ). The accessibility patterns of these constructs showed significant differences (P 0.05; see Supplementary Table  S4) , mainly involving an increase in DMS reactivity for the residues at the base of 3 0 SLIII (A9529 and A9530) and the apical loop of 3 0 SLII (A9547) (Figure 3 ). Significant reductions in solvent accessibility were also apparent within A9302 in the internal loop of domain 5BSL3.2, and residues A9278 and C9287 in the apical loop of 5BSL3.2. Together, these data support previous observations suggesting some interplay between the IRES, the CRE and the 3 0 X-tail region (43, 44, 47) . Deviations in DMS sensitivity (both increases and reductions) were also detected throughout the HV region and the stemloop containing the stop codon. Though none of these variations seem to substantially influence the secondary structure of the affected regions, they do reflect the subtle control of the IRES over the folding of the entire 3 0 end. To further investigate the relationship between the IRES, the CRE and the 3 0 X-tail region, SHAPE analyses were performed on the transcripts CU and I+CU. The NMIA reactivity profile for the 5BSL3.2 and 3 0 SLII domains in the CU transcript greatly resembled that previously shown in replication-competent RNA constructs derived from genotype 1b (43) ( Figure 4A and Supplementary Figure S2) , suggesting that these elements contain all the minimal requisites for autonomous folding to occur. Interestingly, comparisons with the profile for the I+CU transcript confirmed some of the observations previously derived from DMS analysis and also provided important new structural data ( Figure 4 ). Major significant changes (P 0.05; see Supplementary Table S5 ) affected the flexibility of the ribose-phosphate backbone in the nucleotide positions at the base of 3 0 SLIII ( Figure 4B ). SHAPE analyses also revealed significant variations in the reactivity of the 3 0 SLII domain's upper portion. Modifications involved significant reductions (P 0.05; Supplementary Table S5) in NMIA sensitivity for residues C9541, U9542 and G9543, and a concomitant increase for the nucleotides closing the apical loop, i.e. A9539, G9540, A9548 and U9551 (Figure 4 ). In addition, the presence of the IRES element also enhanced NMIA reactivity at positions G9295, U9296 and G9301 (P 0.05) in the internal loop of 5BSL3.2. Again, these data support the existence of a network of RNA-RNA interactions involving the IRES and different structural elements of the 3 0 end. A summary of the results derived from the comparison of the data obtained by DMS probing and SHAPE analysis, in the absence and presence of the IRES, is provided in Figure 5 .
Therefore, the results of microarray assays, DMS chemical probing and SHAPE analysis confirm the acquisition of a preferential secondary structure by the 3 0 end of the HCV genome, which can be fine-tuned by the IRES element to achieve a dynamic 3D conformation involving a complex network of direct RNA-RNA interactions.
The CRE region influences the conformation of the 3 0 UTR
The HCV IRES element promoted major changes in the DMS and NMIA reactivity profiles of the 3 0 X-tail in the presence of the CRE element. Based on this observation, we further examined the contribution of these independent regions to the folding of the whole 3 0 UTR. DMS chemical probing and SHAPE analyses of the U transcript, which carries the whole 3 0 UTR (Figure 1B ), were performed. The relative reactivity (mean ± SD for at least three independent experiments) was calculated for each nucleotide position, allowing the construction of DMS and NMIA profiles ( Figures 3A and 4A) . Such data for the 3 0 X-tail were largely consistent with the acquisition of one major fold defined by three stemloops (25,26) ( Figures 3A and 4A) . This reinforces the idea that, in the absence of additional genomic elements, the 3 0 X-tail adopts a preferential secondary and tertiary structure. Interestingly, while the HV region appeared highly sensitive to both reagents, the 3 0 X-tail showed reduced DMS and NMIA reactivity, suggesting that this element shows limited solvent accessibility and little flexibility of its constituting nucleotides. These results indicate the existence of two conformational modules within the 3 0 UTR, a potentially crucial feature for regulatory folding events.
The DMS reactivity profiles obtained for the 3 0 UTR alone (U variant) were then compared with those recorded in the presence of the CRE region (CU transcript) ( Figures 3A and 6A) . Small but significant secondary structure variations were observed within the 3 0 Xtail (P 0.05; Figure 6 and Supplementary Table S6) . Importantly, reductions in DMS sensitivity were seen for positions A9346-A9347 in the apical loop of 3 0 SLII (Figure 6 ). This agrees well with previous observations of an interaction involving these residues and the apical loop of the 5BSL3.2 domain (34, 42, 43) . Changes in the accessibility of the 3 0 SLII loop were accompanied by an increase in DMS reactivity for residues A9533 and C9534 at the base of the 3 0 SLII stem-loop. These observations imply the existence of subtle secondary structure rearrangements dependent on the presence of the CRE region in this crucial domain. Other significant deviations (both increases and reductions; P 0.05) in the DMS reactivity pattern observed for the CU molecule with respect to the U transcript were observed in the 5 0 end Table S6 ). Because this domain participates in no known interaction with either the CRE or the 3 0 X-tail, and because the observed changes follow no clear variation pattern, these deviations most likely result from the existence of a structurally diverse pool of molecules for the HV region, even under the used stringent conditions. This observation also supports the idea of a 3D organization for the two possible modules (the HV region and the 3 0 X-tail) within the 3 0 end, as proposed above. SHAPE analysis also revealed small but significant variations (P 0.05) within the 3 0 X-tail in the presence of the CRE (CU variant) compared with the U transcript ( Figures 4A and 7A , and Supplementary Table S7 ). The changes affected single residues throughout the 3 0 SLIII domain as well as positions U9542 and A9547 in the apical loop of 3 0 SLII ( Figure 7B ). This suggests differences in local flexibility and conformation, not necessarily dependent on solvent accessibility or on the formation of further secondary foldings. As seen in DMS analysis, the HV region in the CU and U transcripts showed different NMIA reactivity (Figures 4A, 7A and  Supplementary Table S7) .
Taken together, these results show that the effect of the CRE on the structure of the 3 0 X-tail mainly involves the 3 0 SLII domain, and that the conformational rearrangement is likely triggered by the establishment of RNA-RNA interactions. Further, the integration of these contacts within the overall folding of the 3 0 X-tail may involve sporadic reorganization processes by which domains surrounding the 3 0 SLII may change their flexibility or solvent accessibility.
The HCV IRES element promotes structural rearrangements within the 3 0 
UTR
The influence of the IRES element on 3 0 X-tail conformation was examined by DMS chemical probing and SHAPE analysis of the I+U variant (47) . This transcript encompasses the IRES element fused to the 3 0 UTR ( Figure 1B) . The results were compared with those obtained for transcript U.
In the presence of the IRES, the HV region and the 3 0 Xtail showed different behaviors ( Figures 3A and 4A) . While the HV region showed an overall reduction in sensitivity to NMIA in the I+U transcript, the 3 0 X-tail DMS and NMIA reactivity patterns were hardly affected by the presence of the IRES. Subsequent statistical analysis identified the specific and significant variations in these profiles (P 0.05; Supplementary Tables S6 and S7) .
A comparison of the DMS patterns for the 3 0 X-tail in the presence and absence of the IRES (i.e. transcripts I+U and U) showed the existence of four IRES-dependent single-nucleotide reactivity deviations ( Figures 3A, 6A and Supplementary Table S6) likely representative of minor local structural variations related to the creation or interruption of specific base pairs within the stems of domains 3 0 SLIII, 3 0 SLII and 3 0 SLI ( Figure 6B ). Interestingly one of these changes, affecting position C9534 in the stem of the 3 0 SLII, was completely reversed in the presence of the CRE region (CU construct; Figure 6A and B). This demonstrates the opposing effects of the IRES and CRE regions on certain positions in the 3 0 X-tail, and suggests that these elements compete for common interacting areas within the viral genomic 3 0 end. Neither can we discard that this is the consequence of further conformational rearrangements in structurally related regions. The resulting effect might also extend to nucleotides surrounding the affected regions.
The NMIA probing profiles for the U and I+U transcripts confirmed that, as predicted from the DMS studies, the IRES element modulates the conformation of the 3 0 X-tail to some extent, promoting increases and reductions in NMIA reactivity at certain positions in the I+U molecule with respect to variant U ( Figures 4A  and 7A ). Importantly, these changes did not affect the stems of the different domains-an effect that was seen in DMS analysis-but instead mainly occurred within the apical loops of 3 0 SLIII, 3 0 SLII and 3 0 SLI ( Figure 7B) .
Comparison of the DMS and NMIA profiles for the I+U and U transcripts showed the effect of the IRES element in minimizing the structural noise associated with the HV region ( Figures 3A, 4A, 6A and 7A ). To our knowledge, this is the first evidence to suggest an interplay between the IRES and the HV region that potentially results in the viral translation-enhancing effect exerted by the 3 0 UTR.
Interactions between the IRES and the CRE regions fine-tune the folding of the 3 0 UTR
The structural analyses described above show that both the CRE and the IRES regions may, by themselves, ultimately promote conformational reorganization processes within the 3 0 UTR of the HCV genome. However, it seems likely that the existence of long-range IRES-CRE contacts interferes with these structural tuning events and has an effect on the final shape of the 3 0 end of the genomic RNA. We therefore compared the DMS and NMIA reactivity profiles for the transcripts I+CU and U.
Comparisons of the DMS reactivity data for the I+CU and U transcripts showed the presence of both the CRE and the IRES in the I+CU molecule to be a triggering factor for the structural rearrangement of the 3 0 X-tail ( Figures 3A and 6A ). The majority of the reactivity variations occurred within 3 0 SLII and were coincident with those previously detected in the CU transcript (A9533, C9534 and A9546), thus demonstrating that conformational tuning in these positions is primarily mediated by the CRE region ( Figures 6A and 6B , and Supplementary Table S6 ). Interestingly, other changes previously detected in transcript CU with respect to U were not seen in the presence of the IRES. Single-nucleotide deviations in the reactivity pattern emerged for the I+CU construct (A9507 and A9530) ( Figure 6 ). These results suggest that, besides the effect exerted by the CRE and IRES regions on the secondary structure of the 3 0 X-tail, further long-range RNA-RNA contacts between both ends of the viral genome may modulate, to some degree, the final conformation of the genomic RNA 3 0 terminus. This hypothesis was further supported by comparisons of the SHAPE patterns obtained for the construct I+CU with respect to U (Figures 4A and 7A) . Numerous significant variations in the NMIA reactivity profile (P 0.05; see Supplementary Table S7 ) (mostly increases) were detected throughout the 3 0 X-tail region, with nucleotide flexibility generally greater when the IRES and the CRE were present in cis ( Figure 7A) . One of the most affected regions was the upper portion of domain 3 0 SLII (residues U9538-U9551) and the base of the stem in domain 3 0 SLIII (nucleotides A9507-U9511 and U9528-A9530; Figure 7 and Supplementary Table S7 ). It is remarkable that most of the observed differences were specific and strictly dependent on the simultaneous presence of both the CRE and the IRES regions. Only two of these changes were preserved both in the CU and I+CU molecules, affecting residues U9522 and A9529. Similarly, the increase in NMIA sensitivity for nucleotide A9547 was common to constructs I+U and I+CU with respect to U ( Figure 7B ). These observations point to a certain conservation of the structural effects triggered by CRE and IRES on the 3 0 X-tail. Moreover, they confirm the existence of substantial interdependence in the 3D folding for the 3 0 and the 5 0 ends of the HCV RNA and point to the IRES-CRE interaction as a critical factor for the structural tuning of the 3 0 X-tail.
DISCUSSION
Many processes of the viral cycles are commonly controlled by long-range interactions that involve essential RNA elements of the viral gemomes. These contacts frequently promote the direct recruitment of specific protein factors or the acquisition of preferential conformations by the affected regions. The HCV genome harbors a complex network of distant RNA-RNA interactions that exist in dynamic equilibrium. Together they modulate the initiation of essential viral events and control the switch between the different steps of the HCV cycle (21,33,42, 44-47). We recently reported that HCV IRES folding is fine-tuned by the presence of the CRE and the 3 0 UTR elements, independent of protein factors (47) . In the latter work, conformational rearrangements were found to affect key functional domains of the IRES in translationand replication-competent genomes. These findings supported previous observations, confirming a functional role for both CRE and the 3 0 UTR in viral protein synthesis (16-21,42) .
The results of the present work show that the IRES element exerts a structural tuning effect on the 3 0 end of the viral genome, especially in the 3 0 X-tail. The present findings also suggest the IRES and the CRE regions to regulate the 3D reorganization of the 3 0 X-tail. This conclusion can be drawn from the fact that changes in 3 0 X-tail conformation cannot be explained by the presence of these elements on their own: rather, IRES-CRE interactions must be involved in displacing the CRE-3 0 X-tail contact to favor different folding. The present data support the existence of a complex RNA-RNA interaction network that operates between the IRES, the CRE and the 3 0 UTR. To our knowledge, this is the first report describing the existence of structural reorganizations within the 3 0 Xtail mediated by direct long-distance RNA-RNA contacts involving the 5 0 end of the HCV genome. The structural study of the HCV 3 0 end via three different methodologies provided a complete overview of its 3D architecture. Further, DMS and NMIA probing assays were performed under stringent conditions with low magnesium concentrations and short treatment times to help minimize the existence of suboptimal foldings that might impede the detection of slight, but conformationally significant, structural variations.
The microarray technique showed domains 5BSL3.2 and 3 0 SLII to efficiently hybridize with complementary oligonucleotides (Figure 2A ). This reflects the ease with which they bind to other RNA targets, and is in good agreement with their roles as interacting partners in the complex network of contacts existing within the HCV genome. DMS probing and SHAPE analysis showed the existence of two well-differentiated structural modules corresponding to the functional regions CRE and 3 0 UTR (Figures 3A and 4A) . Thus, while the CRE appeared as a packed rigid region with a low reactivity pattern, the 3 0 UTR element showed high reactivity values, with the exception of the highly compact 3 0 SLI. This feature reflects the structural plasticity of the 3 0 SLII and 3 0 SLIII domains. The presence of the IRES element (I+CU molecule) revealed statistically significant differences (detected by all three methodologies) in the structural map of the 3 0 X-tail (Figures 2-5 ). These results suggest that profound reorganization events occur in the 3D structure of the 3 0 UTR, which are dependent on the 5 0 end of the HCV RNA. It should be noted that single nucleotide deviations within the 5BSL3.2 domain were detected by the DMS and NMIA probing assays, which correlated with the differential ability of 5BSL3.2 to interact with antisense oligonucleotides in the presence or absence of the IRES, as detected in microarray analysis ( Figures 2C and 5) . The variations seen in reactivity do not seem to involve long sequence stretches, nor do they entail great changes in relative reactivity. Nonetheless, they are reproducible and suggest subtle changes in the structure of the 5BSL3.2 domain mediated by the IRES element (Figures 3B, 4B and 5). Previous SHAPE analyses (43) returned an NMIA reactivity profile for the 5BSL3.2 domain indicative of a little reactive internal loop and a highly sensitive apical loop. This pattern was attributed to the formation of a doublepseudoknot motif involving the simultaneous interaction of 5BSL3.2-3 0 SLII-SL9110, excluding any possible interaction with the IRES. However, this 5BSL3.2 profile remained reproducible under the present conditions in the absence of SL9110, and was slightly tunable in the presence of the HCV IRES. This apparent discordance might be explained by the use of different experimental conditions (e.g., concentration of divalent cations, treatment time) and by different quantification pipelines, which may lead to substantial variations in the scoring of reactivity values (58) . It is also noteworthy that the 5BSL3.2 domain is involved in multiple RNA-RNA contacts. Therefore, it seems likely that exchanges between different interacting partners cannot be detected by steady-state conformational mapping. Importantly, the fine-tuning conformational effect of the CRE and the 3 0 UTR on the IRES has already been confirmed by our group in translation and replication-competent RNA molecules (47) , reinforcing the idea that complex interplay mediated by long-distant RNA-RNA interactions occur within the 5 0 and the 3 0 termini of the HCV genome. Finally, it has recently been reported that both 5BSL3.2-IRES and 5BSL3.2-9110 interactions are equally feasible; indeed, they have similar K d values (44) . This supports the hypothesis of a dynamic equilibrium between multiple RNA-RNA contacts, which may finally direct the acquisition of different and mutually exclusive structures within the 3 0 end of the HCV RNA. While the CRE and IRES regions on their own moderately affected the architecture of the 3 0 terminus, when combined in cis they increased the magnitude and the length of the tuned region ( Figures 3A, 4A, 6 and 7) . Experimental constraints obtained through SHAPE analyses were then used to predict the secondary structure of the 3 0 X-tail by means of ShapeKnots software (52) ( Figure 8A ). The resulting models proposed the acquisition of the typical conformation comprising three stemloops (3 0 SLIII, 3 0 SLII and 3 0 SLI) for the variants U, CU and I+U. Importantly, the presence of both the CRE and the IRES regions (transcript I+CU) induced the alternative, two stem-loop dimerizable conformation, in which the 3 0 SLIII and 3 0 SLII domains disappear to generate a single extended stem-loop with the DLS motif exposed in the apical loop ( Figure 8A ). These results provide, for the first time, structural evidence of the conformational switch that occurs within the 3 0 X-tail, and suggest the existence of interplay between the IRES and the CRE, as previously reported (45, 47) . It is noteworthy that, in a recently proposed model (44) , transitions between both 3 0 X-tail isoforms are mainly dependent on the differential recruitment of protein factors. However, the present results suggest that both alternative foldings are not equally preferred within the genomic RNA. Indeed, their presence could be preferentially favored by a complex web of long-range RNA-RNA interactions established between RNA functional domains in the absence of protein factors. Proteins must play critical roles in the stabilization and functionality of this interaction network, but it should be emphasized that RNA-RNA contacts are alone sufficient to promote the shift between different 3 0 X-tail conformers. The present results, together with previously reported data (43, 44, 47) , allow a working hypothesis to be envisioned in which, during early viral infection, the HCV IRES is occupied by the translational machinery, thus avoiding any contact with the 5BSL3.2 domain of the CRE region ( Figure 8B ). This would favor the establishment of the interaction 5BSL3.2-3 0 SLII, thus occluding the DLS motif. After viral translation, the whole 3 0 end of the HCV genome (containing the CRE and the 3 0 X-tail) would be dedicated to the recruitment of the viral polymerase and other replication factors (both RNA and proteins) (29, 36, 46, (59) (60) (61) (62) (63) . In this context, both the IIId-5BSL3.2 and SL9110-5BSL3.2 interactions would be equally feasible. Swapping between them would contribute to the creation of a translationally repressed state (21) and to enhance the replicative process (46) . Further accumulation of viral RNA molecules might then increase the proportion of naked HCV genomes containing both RNA conformations, thus favoring intermolecular contacts between those transcripts able to dimerize (44) . Under these conditions, it seems likely that the structural equilibrium between the IIId-5BSL3.2 and SL9110-5BSL3.2 interactions would be preferentially displaced toward long-range IRES-CRE contact. This would increase the proportion of RNA genomes exposing the DLS motif in the apical loop of the dimerizable conformation, leading to the formation of dimeric genomic particles in the presence of the core chaperone protein (35) . Importantly, it should be noted that during all this process the viral RNA is preferentially folded into a closed loop topology, which enables the formation of these long-distant RNA-RNA contacts. Therefore, the CRE region could swap between different partners over the viral cycle to control the course of infection. (ii) On translation, the accumulation of viral proteins promotes the migration of the viral RNA to the endoplasmic reticulum (ER) where the replication complex is assembled at the 3 0 end of the HCV genome. Steric hindrance within the 3 0 X-tail would displace the conformational equilibrium toward the establishment of a long-distance interaction involving the IRES subdomain IIId and the stem-loop 5BSL3.2, thus impeding efficient translation (21). In this context, it is feasible that a pool of molecules could alternatively promote the contact SL9110-5BSL3.2, which is essential for viral replication (43, 46) . The newly synthesized, naked HCV transcripts would be gathered (iii), thus favoring the stabilization of the contact IIId-5BSL3.2, which would promote the structural switch of the 3 0 X-tail to the dimerizable two stem-loop conformation, with the dimerization linkage sequence (DLS) exposed in an apical loop. (iv) The presence of the core chaperone protein contributes to the formation of dimeric viral genomes (35) , which would be finally encapsidated and enveloped before protrusion to the extracellular medium.
In summary, the present results show that direct longdistance RNA-RNA contacts may mediate the conformational tuning of the essential 3 0 X-tail region of the HCV genome, and that these interactions occur in the absence of proteins. Such structural rearrangements are directly related to the acquisition of a dimerizable isoform by the 3 0 X-tail, and thus play an important role in the regulation of the switching between the different steps of the HCV cycle. 
